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Syrah declineIn a search for viruses associated with decline symptoms of Syrah grapevines, we have undertaken an
analysis of total plant RNA sequences using Life Sciences 454 high-throughput sequencing. 67.5 megabases of
sequence data were derived from reverse-transcribed cDNA fragments, and screened for sequences of viral or
viroid origin. The data revealed that a vine showing decline symptoms supported a mixed infection that
included seven different RNA genomes. Fragments identiﬁed as derived from viruses or viroids spanned a
∼ten thousand fold range in relative prevalence, from 48,278 fragments derived from Rupestris stem pitting-
associated virus to 4 fragments from Australian grapevine viroid. 1527 fragments were identiﬁed as derived
from an unknown maraﬁvirus. Its complete genome was sequenced and characterized, and an RT-PCR test
was developed to analyze its ﬁeld distribution and to demonstrate its presence in leafhoppers (vector for
maraﬁviruses) collected from diseased vines. Initial surveys detected a limited presence of the virus in grape-
growing regions of California.© 2009 Elsevier Inc. All rights reserved.Introduction
A “decline” of Syrah grapevines was ﬁrst observed as an emerging
disease in France (Renault-Spilmont et al., 2004). More recently, a
similar disease has appeared in California vineyards (Battany et al.,
2004). Symptoms appear in older vines, and include leaf reddening
and scorching, swelling of the graft union, superﬁcial cracking and
pitting of woody tissue, stemnecrosis, and eventual death of the vines.
Many of these symptoms also occur over the course of infection cycles
of known viruses of Vitis vinifera, but due to complications in
extracting viruses from woody, phenolic stem tissue (Rowhani et al.,
1998) viral associations with decline disease in Syrah vines have been
difﬁcult to demonstrate.
The generation of sequence information representing the totality
of the RNA from infected plants is now possible through the
application of Life Sciences 454 sequencing (Rothberg and Leamon,
2008). Automated analysis of this information allows for comparison
of the RNA sequences against all viral genetic information in the public
domain database. This methodology offers an alternative approach for
the characterization of viruses of grapevine. The approach does not
require the puriﬁcation of virions or of speciﬁc viral nucleic acids — awahnih),
.edu (D. Golino),
ll rights reserved.step that may limit the range of viral species that can be discovered by
conventional means.
Such mining of RNA sequence data has been used for the
identiﬁcation of viruses associated with animal diseases (Cox-Foster
et al., 2007; Honkavouri et al., 2008; Palacios et al., 2008). Here we
describe an application of this technique to a survey of viruses in
diseased grapevine tissue, in an effort to identify and characterize
causal agents of Syrah decline.
Results
67.5 megabases of sequence information, from 351,590 fragment
reads (each approximately 200 bases long; see Table S1) were initially
produced in this study. These data were derived from two source
vines, using two methods, which are compared below.
Description of a total nucleic acid sequence spectrum from an
asymptomatic Syrah grapevine
“Syrah 8”, an asymptomatic vine, was subjected to nucleic acid
extraction and deep sequence analysis, as described below for the
diseased vine “Syrah 6”. Most of the sequences detected from
Syrah 8 were identiﬁed as plant nucleic acids, but bacterial and
fungal sequences (and unidentiﬁed sequences) were also detected
(Table 1B). Two viruses, Rupestris stem pitting-associated virus
(RSPaV) and Grapevine rupestris vein-feathering virus (GRVFV) were
also detected in Syrah 8. The numbers of viral fragments detected
Table 1
Assignment of the fragments in the total data set into their GenBank categories.
A: Syrah 6 B: Syrah 8 Total reads
TNA dsRNA TNA dsRNA
1. Input 65,587 103,597 76,106 106,300 351,590
2. Redundancy removed 59,079 99,123 65,903 100,286 324,391
3. Unidentiﬁed 1878 17,281 1076 4387 24,622
4. Annotated 57,201 81,842 64,827 95,899 299,769
PLN 37,213 11,545 43,928 56,880 149,566
EST 17,004 15,486 18,898 37,343 88,731
VRL 1275 54,605 24 229 56,133
ENV 1596 147 1868 1245 4856
ANI 105 41 105 194 445
BCT 8 18 4 8 38
TNA: total nucleic acid; dsRNA: double-stranded RNA; PLN: plant/fungal/alga; EST:
expressed sequence tags; VRL: viral; ENV: environmental samples; ANI: animal; BCT:
bacterial.
Table 2
Fragment counts for viral species identiﬁed in the BLASTN analysis of the total data set.
Organism name Total hits
I II
A
Rupestris stem pitting-associated virus 46,029 46,029
Grapevine rupestris vein-feathering virus 9791 9697
Grapevine Syrah virus-1 - 1527
Grapevine leafroll-associated virus-9 16 16
Hop stunt viroid 13 13
Grapevine yellow speckle viroid 5 5
Australian grapevine viroid 4 4
B
Grapevine asteroid mosaic-associated virus 113 27
Grapevine ﬂeck virus 11 0
C
Maize rayado ﬁno virus 55 12
Citrus sudden death-associated virus 40 21
Oat blue dwarf virus 34 2
Okra mosaic virus 14 4
Kennedya yellow mosaic virus 2 1
Nemesia ring necrosis virus 2 2
Erysimum latent virus 1 1
Turnip yellow mosaic virus 1 1
D
Cucumber mosaic virus 1 1
Sacbrood virus 1 1
Total 56,133 57,365
Column I, initial analysis; column II, after the addition of the GSyV-1 sequence to the
query database. (A) Viruses and viroids expected in grapevine, the presence of which
was conﬁrmed by speciﬁc PCR analysis. (B) Viruses expected to be found in grapevine,
but not conﬁrmed as present in the sample by speciﬁc PCR analysis. (C, D) Viruses not
expected to be found in grapevine (not tested by PCR analysis); (C) Tymoviridae, (D)
others.
Fig. 1. Electrophoretic analysis of speciﬁc virus and viroid PCR products ampliﬁed from
the extract of Syrah 6. 1: AGVd, 370 bp; 2: GYSVd, 220 bp; 3: HSVd, 300 bp; 4: RSPaV,
330 bp; 5: GRVFV, 328 bp; 6: GLRaV-9, 276 bp; 7: GSyV-1, 296 bp. 8: analysis for GSyV-1
in extracts of uninfected control; M: size standards, labeled in base pair sizes.
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the extract of tissue from the symptomatic Syrah 6 vine.
Description of a total nucleic acid sequence spectrum from a diseased
Syrah grapevine: comparison of extraction methods
Two different nucleic acid extract procedures were compared
(Table 1). Unfractionated total nucleic acids (TNA) were extracted in
order to include possible DNAviruses in the analysis. From “Syrah 6”, a
vine showing Syrah decline symptoms, a total of 65,587 cDNA
fragments were produced from the TNA fraction and sequenced.
The double-stranded RNA fraction (dsRNA) from Syrah 6 was also
extracted, from which 103,597 cDNA fragments were produced and
sequenced. While both preparations yielded comparable numbers of
total “hits” in the plant or EST categories, dsRNAwas seen to include a
higher proportion of viral sequences, as expected. There were 54,605
viral hits in the analysis of fragments generated by the dsRNA
extraction procedure, but only 1275 viral hits from the TNA
preparation.
The data from the two separate extraction procedures from the
Syrah 6 vine were combined for the analyses described below. No
reads were identiﬁed as homologous to known DNA virus sequences.
The diseased status of Syrah 6 was evident in the amount of
subcellular parasite (virus and viroid) sequence revealed in the
analysis. Subcellular parasites made up 35% of the total in Table 1A:
55,880 out of 158,202 reads (c.f. 0.16% in the extract from asympto-
matic Syrah 8 (Table 1B)).
BLASTN categorization of viral sequences in the diseased Syrah grapevine
sequence data
Virus-derived fragments were identiﬁed in the total fragment pool
by their similarities to viral nucleotide sequences in the Genbank
database.
Initial analysis of the data (Table 2, column I) showed three
categories of subcellular parasites. Members of the ﬁrst of these
categories had homologies to known viruses or viroids from grapevine
(Table 2A), the presence of which we could conﬁrm by speciﬁc PCR
analysis. PCR reactions templated on the initial Syrah 6 cDNA
preparation generated speciﬁc DNA fragments (Fig. 1) the sequences
of which conﬁrmed the six candidate species in this category,
providing a veriﬁcation of their initial automated, informatic
identiﬁcation. This indicated that the Syrah source material supported
a mixed infection.
RSPaV was represented by 46,029 fragments, the largest count for
any virus detected in the Syrah 6 test plant. 9791 fragments were
identiﬁed with GRVFV. The mean genomic sequence of this Syrah
strain of GRVFV was compared with the genome of a GRVFV strain in
the database isolated from a Cabernet Sauvignon grapevine host. Thecomparison revealed that the genomes of the two strains differed
from each other by 15.6%. RSPaV is known in other grape variety
hosts to exist as a mixture of multiple strains differing from each
other in sequence by as much as 16.1% (Meng et al., 2005). Wide
variations from the mean sequences were seen with these two
viruses in this study; this may be ascribed to the presence of multiple
strains of each.
Table 3
Fragment counts for viral species identiﬁed in the BLASTX analysis of the reads that
remained unassigned after BLASTN annotation.
Organism name Total hits
A
Rupestris stem pitting-associated virus 2249
Grapevine rupestris vein-feathering virus 2044
Grapevine leafroll-associated virus-9 2
B
Grapevine ﬂeck virus 1
C
Citrus sudden death-associated virus 431
Oat blue dwarf virus 93
Maize rayado ﬁno virus 27
Okra mosaic virus 11
Poinsettia mosaic virus 9
Ononis yellow mosaic virus 1
Scrophularia mottle virus 2
Physalis mottle virus 1
Turnip yellow mosaic virus 1
Total 6103
(A) Viruses expected in grapevine. (B) viruses expected to be found in grapevine, but
not conﬁrmed as present in the sample by speciﬁc PCR analysis. (C) Tympviridae not
expected to be found in grapevine (not tested by PCR analysis).
Table 4
Percentage identity between GSyV-1 and othermaraﬁviruses, comparing (a) nucleotide
sequence of the full genomes; (b and c) amino acid sequences of the polyprotein, and of
the coat protein, respectively.
GSyV-1
a. Full genome b. Polyprotein c. Coat protein
GRVFV 63% 51% 61%
GAMaV 60%a 56%a 36%
OBDV 58% 49% 39%
MRFV 57% 46% 36%
CSDaV 56% 48% 38%
MRFV (NC_002786); OBDV (NC_001793); CSDaV (NC_006950); GRVFV (AY706994);
GAMaV (AJ249357).
a Only partial GAMaV sequence is available.
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et al., 2004) was the lowest of the detected viruses shown in Table 2A.
The source vine did not show any typical leafroll symptoms. Three
viriods were also detected at low fragment numbers (Table 2A).
A second category of viruses (Table 2B) had homologies to known
viruses fromgrapevine, but the presence of the viruses in this category
could not be veriﬁed in the plant by PCR detection; attempts to
amplify contiguous sequences derived from the informatic data,
templated by the originally Syrah 6 cDNA, did not produce products of
the predicted lengths. This second category included Grapevine
asteroid mosaic-associated virus and Grapevine ﬂeck virus.
A third viral category of fragments carried sequences unknown
among grapevine viruses. These fragments were identiﬁed in the
BLASTN analysis according to their similarities with viruses not
expected in grapevine (Table 2C, D). Most of these fragments were
identiﬁed as similar to members of the Tymoviridae (Table 2C). In
pursuit of an explanation for this category, we considered the
possibility that an unknown grapevine virus from this family was
represented in the initial data set.
Detection of an unknown virus in the sample
Many of the fragments similar to viruses not detected in the Syrah
6 vine (Table 2B, C) showed only distant similarities, some as low as
40%, to their homologs in the database. We sought to evaluate the
possibility that some of these fragments were derived from an
unknown grapevine virus. To do this, we assembled large contiguous
sequences from the combined unidentiﬁed fragment pool plus the
viral annotated fragment pools (Tables 1–3 plus 1–4 (VRL)). We
screened these contigs 1) for sequences similar to those of the Ty-
moviridae in Table 2B or 2C, and 2) for their presence in the grapevine
extract, as tested by PCR analysis of the initial cDNA sample.
This approach identiﬁed Ctg.23 (2500 bp) and Ctg.75 (2183 bp).
They incorporated sequences from the Table 2B or 2C viral categories,
and their presence in grapevine was conﬁrmed by PCR. Primers
designed from sequences on the ends of these contigs were used to
reamplify them, using the Syrah 6-derived cDNA as template. The
production and sequencing of these PCR products conﬁrmed the
informatic identiﬁcation of these contigs, so suggesting that an
unknown virus was present in the Syrah 6 vine.
PCR primers designed to bind within these contigs were used to ﬁll
in the gap in the sequence between them. Again using the cDNAderived from the original extract as template, a PCR fragment 2611 bp
in length was produced. The inclusion of its sequence gave coverage of
86% of the length of the unknown viral genome. The ﬁnal 3′ and 5′
ends were sequenced by RACE PCR, again using the Syrah 6 cDNA as
template. 96% of the completed genomic sequence was found to
encode a single, uninterrupted polyprotein reading frame unknown in
the Genbank database.
The discovery of this unknown virus allowed for the inclusion of its
genome sequence in a repeat of the BLASTN analysis. The resulting
revision to the assignments (Table 2, column II) included this new
virus as the third-most prevalent species identiﬁed in the plant
extract. In this ﬁnal analysis the new virus was represented by 1231
fragments drawn from the unidentiﬁed data (Tables 1A–3). A further
296 fragments initially placed in Table 2B, C (from Tables 1–4 (VRL))
were found to be closer in sequence to the new virus than theywere to
their initial assignments. As a consequence, fragments initially
assigned to Grapevine rupestris vein-feathering virus, Grapevine asteroid
mosaic-associated virus, Grapevine ﬂeck virus, Maize rayado ﬁno virus,
Citrus sudden death-associated virus, Oat blue dwarf virus, Okra mosaic
virus, and Kennedya yellow mosaic virus were reassigned to the new
virus. A ﬁnal total of 1527 fragments were identiﬁed with the new
virus, compared with 46,029 fragments for RSPaV and 9697 fragments
for GRVFV. We have provisionally named this new virus Grapevine
Syrah virus-1 (GSyV-1).
BLASTX analysis of sequences unidentiﬁed by the BLASTN analysis
Further analysis of the remaining unassigned reads was under-
taken by comparisons based on translational information. This
method has the potential to identify sequences more distantly related
to reference database sequences than were those in Table 2 identiﬁed
by BLASTN analysis.
The BLASTX analysis (Table 3) identiﬁed further fragments from
those viruses with extensive variance in their genomic sequences,
including RSPaV, GRVFV, and GLRaV-9. As expected, variance from the
reference sequence of fragments from these viruses was greater than
the variance seen in the BLASTN analysis of each. No further fragments
of GSyV-1 were found, possibly as a consequence of the limited
variance in its genome sequence (described below).
Genomic characterization of Grapevine Syrah virus-1
The GSyV-1 genome was found to be 6481 bases in length, and to
include a 3-prime poly(A) tract; a polyadenylation AAUAAA signal was
found at nucleotide 6445. Fig. 2 shows the genomic organization of this
virus in comparison to maraﬁviruses MRFV and OBDV. A polyprotein
ORF between nucleotides 142 and 6387 included protein motifs similar
to conserved maraﬁvirus domains for methyl-transferase (MTR)
(nucleotide positions 568 to 1033), papain-like protease (PRO) (posi-
tions 2521 to 2842), NTP binding helicase (HEL; 2970 to 3793), RNA
polymerase (RdRp; 4711 to 5194), and coatproteins (CPs; 5854 to 6394).
Fig. 2. Schematic overview of maraﬁvirus genome organization for GSyV-1, MRFV and OBDV. The polyprotein domains of methyl-transferase (MTR), protease (PRO), helicase (HEL),
polymerase (RdRP-2), and coat proteins (CPs) are shown. Putative movement-associated protein genes (MRFV P43, and GSyV-1 P26) are shown.
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near the 5′ end of the GSyV-1 genome (nucleotides 752 to 1555) that
encoded a putative protein (p26) 267 amino acids in length. This p26
shared 43% identity with the central portion of homologous reading
frame p43 that occurs in MRFV (Fig. 2) and encodes a putative
movement protein (Hammond and Ramirez, 2001). The predicted
composition of GSyV-1 p26 is proline rich (14%) as is the homologous
region of MRFV p43 (17%); half (20) of the proline residues in GSyV-1
p26 share positional identity in their (ungapped) alignment with
proline residues in MRFV p43 (not shown).
Variance analysis of the GSyV-1 genome
Using a subset of the fragments (chosen to minimize systematic
errors; see Materials and methods) we measured the variation in the
GSyV-1 genome revealed in the BLASTN data. 453 fragments were
averaged to generate a mean genomic sequence. Comparative
alignment of the individual fragment sequences with this mean
found 159 positions (out of 86,564) at which the sequences of
individual fragments differed from the mean. This represented a
quasispecies variation of 0.184%.
Phylogenetic analysis
Comparative sequence analysis showed GSyV-1 to be most similar
to the maraﬁvirus genus of family Tymoviridae. Other species of
maraﬁviruses varied from GSyV-1 by 37% or more in nucleotideFig. 3. Phylogenetic relationships among coat protein sequences of GSyV-1 and other Marasequence across their entire genomes (Table 4). GRVFV was the most
closely related maraﬁvirus to GSyV-1 in coat protein amino acid
homology; the two viruses share a branch on the phylogenetic tree in
Fig. 3.
The maraﬁbox domain
GSyV-1 carried a (Fig. 4) maraﬁbox (Izadpanah et al., 2002) at the
position expected in a maraﬁvirus genome, ﬁve-prime to the putative
initiation site of the coat protein gene. The comparative analysis
showed a previously unreported aspect of this domain. Beyond the
primary motif (Fig. 4; positions 1–27) lies a second motif with a
CUnnCACUCnC consensus eleven base sequence, at a variable distance
from the primary. The conserved RNA sequence of the primary
maraﬁbox motif was generally found to be foldable into a stem
structure topped with a UUCA loop (not shown). Relative to the
overlying protein coding frame, the second conserved motif sits at
different distances and in different reading frame registers than the
ﬁrst motif, among the viruses compared in Fig. 4.
Speciﬁc primers for detection of GSyV-1 in vivo
Diagnostic primers were designed based on unique sequence
regions from the genomes of RSPaV (Lima et al., 2006), GRVFV, and
GSyV-1 (Table S1). PCR products of only the expected, unique sizes
were generated by each primer pair, using template extracts from
plants carrying all of these viruses as a multiple infection.ﬁvirus, Maculavirus and Tymovirus species. Bootstrap values are shown as percentages.
Fig. 4.Maraﬁbox. Comparison of the (split domain) maraﬁbox sequence of GSyV-1 with
those of four maraﬁviruses and two tymoviruses (ErLV, OkMV) from their positions in
the genome (the full genome sequence is unavailable for BELV). The variable distances
between the two motifs in the domain are shown [in bases]. Conserved nucleotides are
shown as white characters on black.
Fig. 5. Necrosis of stem wood from declining Syrah vines from California (A) in and
above the swollen graft union, and (B) far up the stem from the graft union.
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pers from plants showing Syrah decline symptoms. RSPaV, the virus
represented by the most fragments in the sequence analysis, was not
detected in those same leafhoppers using the RSPaV speciﬁc primer
set.
Syrah decline disease, and correlation with GSyV-1 infection
Syrah decline symptoms increase as vines age over the years,
ﬁnally culminating in necrosis and death of the woody tissue of the
stem. This necrosis takes the form of pits and ﬁssures, exposed in the
stem wood when the bark is removed (Fig. 5). The wood necrosis
eventually kills the part of the plant above the graft union while the
rootstock survives.
Syrah decline in California takes a form distinct from that in France.
Wood necrosis is not limited to the area of the graft union, as it is in
France (Renault-Spilmont et al., 2004), but is found up in the scaffolds
(rightward in Fig. 5B).
A ﬁeld sampling survey of the endemicity of GSyV-1 in California
was begun using the speciﬁc PCR primers. A preliminary analysis of
154 plants in vineyards where decline was evident found thirty (19%)
vines positive for GSyV-1, placing the virus in three grape-growing
counties (Napa, Sonoma, Yolo). Wider surveys for the virus are
underway, including a survey of French vineyards in which Syrah
decline is present.
Discussion
We show here, as others have shown (Cox-Foster et al., 2007;
Honkavouri et al., 2008; Palacios et al., 2008), the value of Life Sciences
454 sequencing technology in its application to questions of the basis
of disease. In this work, high-throughput sequencing has generated
thousands of records for bacterial, fungal, and viral species in
grapevine. We have used that data to produce a census of the
known viruses infecting diseased tissue, and to pursue indications
that a previously unknown virus was included in the infection.
Four viruses and three viroids were identiﬁed in diseased Syrah
grapevine material in this study. The analysis generated sufﬁcient
information to allow for the sequencing that substantiated the
automated, informatic identiﬁcation of these viruses and viriods. It
produced information about the genomic variation and strain diversity
of the prominent viruses in the sample, including a novel viral species.
The sensitivity of the automated informatic search was demon-
strated here in the identiﬁcation of low-titer species, including a viroid
represented by only four (out of a pool of 158,202) fragments. The
informatic identiﬁcation of that species as Australian grapevine viroid
was substantiated by cloning and sequencing using speciﬁc PCR
primers (Fig. 1) as was that of the other viral and viroid identiﬁcations
listed in Table 2A.
Three viruses were found to be the predominant agents associated
here with Syrah decline disease. Two of these were known viruses,
each of which has been observed to cause a mild or asymptomatic
infection when present singly. Mild or latent viral infections are well
known in vineyards (Golino, 1993). We maintain various varieties ofV. vinifera in collections in the Department of Plant Pathology
(University of California, Davis); some of these vines have been
found to carry asymptomatic GRVFV infections analogous to the
situation described here in the Syrah 8 vine. Diseases of grapevine
may be caused and modiﬁed by interactions among multiple
infectious agents (Komar et al., 2007). Syrah decline may similarly
arise from a higher order interaction involving multiple viruses and
viroids, each of which may be benign where present singly.
Rupestris stem pitting-associated virus (a foveavirus) was the most
prevalent virus in the census, as represented by fragment count. RSPaV
has been associated with decline symptoms of Syrah vines from
California and from France (Lima et al., 2006). Nonetheless, RSPaV may
be asymptomatic when present singly in grapevine (Meng et al., 2005).
Grapevine rupestris vein-feathering virus was the most prominent
maraﬁvirus found in the sample. Genomic variation in GRVFV may
account for most of the BLASTN and BLASTX identiﬁcations of a wide
range of unexpected Tymoviridae here (Table 2C, Table 3C). We used a
single reference GRVFV sequence to query the dataset. Yet sequence
variation between GRVFV strains was found to be more than 15%.
Some of the most widely variant GRVFV fragments may be closer in
sequence to database records for confamilial Tymoviruses (not found
in grapevine) than they are to the GRVFV reference sequence.
GRVFV was the species most closely homologous to Grapevine
Syrah virus-1. GSyV-1 differed from other maraﬁvirus species by 40%
or more (Table 4). It had not been identiﬁed in multiple analyses done
using previously available technologies (Rowhani et al., unpublished),
but the high number of fragments generated by the 454 analysis
allowed for its identiﬁcation against the background of the related and
more prevalent GRVFV.
GSyV-1 was characterized as a maraﬁvirus by genomic compar-
isons. Typical of maraﬁviruses, it carried a maraﬁbox, which is
described in this study as a domain split into two motifs separated by
a variable distance (Fig. 4). The maraﬁbox domain in genomes of
members of the Tymoviridae is thought to mark the position of an
internal promoter of subgenomic RNA synthesis (Ding et al., 1990)
involved in the formation of tertiary structures that interact with
RNA polymerase. The information that guides the RNA folding is
superimposed upon the overlying protein coding information. The
second motif in the maraﬁbox domain described here lies under
different regions of the overlying protein sequence in each of the
different viruses compared in Fig. 4; its consensus sequence begins in
different reading frames in those viruses. The overlying amino acid
sequences are not conserved. This lack of alignment with the
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the maraﬁbox is not conserved due to its amino acid coding, but
encodes RNA structural information, as the ﬁrst motif is also
presumed to do.
The speciﬁc PCR probe generated from the GSyV-1 sequence
reported here will be of use in the grapevine clean stock program at
Foundation Plant Services, at the University of California, Davis.
Maraﬁviruses are leafhopper transmitted (Nault and Ammar, 1989),
and the PCR probe has demonstrated GSyV-1 in Erythroneura
variabilis. Tests for the demonstration of leafhopper transmissibility
of GSyV-1 to grapevine are ongoing.
RSPaV, which was the most prevalent virus by sequence analysis
here, could not be detected in the same leafhoppers in which GSyV-1
was detected; (leafhoppers have not been shown to be vectors for
RSPaV). Selective leafhopper transmission would have the potential to
physically separate RSPaV fromGRVFV and GSyV-1 (maraﬁviruses). The
effect of GSyV-1 infection in Syrah vines in the absence of coinfection by
other viruses has not yet been observed. Separation of viruses through
selective insect transmission would make possible the characterization
of the respective infections singly, and then in combination.
Combination-of-viruses testing would address the possibility of
the genesis of the Syrah decline through additive infective effects of
multiple viral and viroid species. These tests will be a next step in our
ongoing attempt to understand the etiology of this disease.
454 high-throughput sequence analysis will facilitate that attempt.
The multivirus infection revealed by deep sequencing in a Syrah vine
may reﬂect complex interactions. Half of the identiﬁed species are
represented by less than twenty ﬁve hits; do they play a role in Syrah
decline even at low titers? Are those low-titer viruses and viriods
cryptic strains, suppressed infections, or recent inoculations? Will
deeper sequencing reveal still lower titer subcellular parasites? The
deep sequencing approach to pathogen census may well lead to
greater understanding of the diversity of, synergies between, and host
varietal interactions with strains and species of viruses and viroids in
the vineyard setting.
Materials and methods
Sample preparation
Two grapevines from the collections maintained by the Depart-
ment of Plant Pathology, University of California Davis, were used in
this study. Syrah 6 showed severe decline symptoms (red leaves,
swelling and wood necrosis at the graft union, stem pitting above the
graft union); a neighboring grapevine, Syrah 8, was asymptomatic. For
each plant we compared two different sample preparation methods:
in the ﬁrst method dsRNAwas extracted from 90 g of bark scraping as
described (Routh et al., 1998). Complementary DNA (cDNA) was
synthesized using random hexamers (300 ng/μl, Invitrogen) and
ampliﬁed with GenomePlex® complete whole genome ampliﬁcation
kit (WGA) (Sigma, St. Louis, MO). In the second method we used total
nucleic acid (TNA) isolated from 1 g of bark scraping by using the
RNeasy Plant minikit (Qiagen, Valencia, CA). For random ampliﬁcation
of TNA, the method of Bohlander et al. (1992) modiﬁed as described
by Korczak et al. (2005) was followed. TNA was reverse-transcribed
using primer A (5′GTTTCCCAGTAGGTCTCNNNNNNNN). After diges-
tion with RNase H, second strand DNA was synthesized using
Sequenase™ (U.S. Biochemicals, Cleveland, OH) Version 2.0 DNA
Polymerase. One round only of PCR ampliﬁcation of the randomly
synthesized double-stranded cDNAwas then performed using TaKaRa
Ex Taq (Takara, Otsu, Japan) in the presence of a primer targeting the
speciﬁc part of the primer used for sanitizing the cDNA (5′-
CGCCGTTTCCCAGTAGGTCTC). The ﬁnal cDNA products from both
methods were puriﬁed with the PCR cleanup kit (Sigma, St. Louis,
MO). DNA quality was checked by agarose gel analysis, and quantiﬁed
spectrophotometrically. Samples were subjected to 454 Life Sciences(Branford, CT, USA) high-throughput pyrosequencing, using the
Genome Sequencer FLX.
Bioinformatic analysis
Reads from the 454 pyrosequencing output were trimmed to
remove sequences derived from the ampliﬁcation primers.
Sequences that where 100% identical were grouped and only one
representative was considered. The reads where then put through
low complexity masking using the DUST algorithm (National Center
for Biotechnology Information). Masked reads were compared to
GenBank database divisions including microbial, phage, viral, plant
(including fungi and algae), bacterial, environmental, synthetic
sequence, and expressed sequence tags. Analysis of this extensive
dataset used the High-Speed Sequence Search Suite (HS3) algorithm
from GenomeQuest (Westborough, MA). HS3 used as a ﬁrst step a
word-based search that maintains high sensitivity while decreasing
the total computational time by cutting down the overall number of
pair-wise alignments. This analysis generated a subset of the data
that was then subject to BLASTN analysis. A word-size of 10
nucleotides was used for the HS3 step, and a score cutoff of 40 was
used for the BLASTN step. The reads that did not align in the BLASTN
comparison were then aligned to the UniProt database (UniProt
Consortium, 2008) using the BLASTX algorithm with an e-score of
1e-2; query sequences for BLASTX analysis also included the
translation of the GSyV-1 genome.
Viral sequence variance analysis
All fragments from the sets of reads for GSyV-1 were aligned using
gs-Mapper (454 Life Sciences, Basel) to determine the quality of the
reads. Only alignments that spanned more than 85% of a read's length
with an alignment of 90% or morewere accepted. Fragments containing
insertions, deletions or in-frame stop codons were discarded, and
variance analysis was performed on the remaining fragments.
Conﬁrmation of candidate viruses: PCR ampliﬁcation and conventional
sequencing
Primers designed frompublished sequences (listed inTable S3)were
used for PCR ampliﬁcation using the cDNA prepared from the Syrah 6
sample as template. Viruses included Rupestris stem pitting-associated
virus (RSPaV), Grapevine rupestris vein-feathering virus (GRVFV), Grape-
vine leafroll-associated virus 9 (GLRaV-9), Grapevine asteroid mosaic-
associated virus (GAMaV), Grapevine ﬂeck virus (GFkV), Hop stunt viroid
(HSVd),Australian grapevine viroid (AGVd), andGrapevine yellow speckle
viroid (GYSVd). PCR products were analyzed on 1.5% agarose TAE gel for
comparison with the 1 kb Plus DNA ladder (Invitrogen Inc., Carlsbad,
CA). For sequencing, PCR products were ligated directly into pGEM-T
Easy (Promega, Madison, WI) according to the manufacturer's instruc-
tions, and used to transform E. coli DH5α cells. Clones were sequenced,
and the sequences analyzed using Sequence Analysis and Molecular
Biology Data Management software Vector NTI Advance™ 10 (Invitro-
gen Inc., Carlsbad, CA).
Discovery of Grapevine Syrah virus-1 (GSyV-1)
Contigs were assembled from the unidentiﬁed plus the viral
annotated fragment pools (Tables 1–3 plus 1–4 (VRL)) and screened
for Tymovirus sequences. Positive contigs were shown to be present in
grapevine by their PCR ampliﬁcation and sequencing using speciﬁc
primers. Gaps between these contigs were ﬁlled in by PCR extension
using the Syrah6 cDNAas template for speciﬁcﬂankingprimers designed
from the end sequences of the contigs. Extreme 5′ and 3′ termini were
sequenced as described by Al Rwahnih et al. (2007) using other speciﬁc
primers; all speciﬁc primers are described in Table S3. Sequences were
401M. Al Rwahnih et al. / Virology 387 (2009) 395–401assembled, analyzed and compared for homology to other viruses using
Sequence Analysis and Molecular Biology Data Management software
from Invitrogen, Vector NTI Advance™ 10 (Invitrogen Inc., Carlsbad, CA).
The Genbank accession number for the GSyV-1 genomic sequence is
FJ436028. Identiﬁcationofmajoropen reading frames (ORFs), translated
protein sequences and conserved domain identiﬁcationwere donewith
ORF ﬁnder, BLASTN, and BLASTX (Altschul et al., 1990).
Phylogenetic analysis
Amino acid sequence data were used to compare phylogenetic
relationships of the coat protein of GSyV-1 with those of other members
of the Tymoviridae. Multiple alignments of amino acid sequences were
made with the default options of Clustal X 1.8, a Windows interface for
the Clustal W multiple sequence alignment program (Thompson et al.,
1997). Phylogenetic analysis was done using the minimum evolution
method of phylogenetic inference with 1000 bootstrap replicates
(Rzhetsky and Nei, 1993). A phylogenetic tree was constructed using
theMolecular Evolutionary Genetics Analysis softwareMEGAversion 3.1
(Kumar et al., 2004). Accession numbers of the viruses used in the
alignment and phylogenetic analysis are: Chayote mosaic virus (ChMV,
NP_067738), Citrus sudden death-associated virus (CSDaV, YP_224294),
Eggplant mosaic virus (EMV, NP_040969), Erysimum latent virus (ErLV,
NP_047921), Grapevine asteroid mosaic-associated virus (GAMaV,
CAC10493), Grapevine ﬂeck virus (GFkV, NP_542613), Grapevine red
globe virus (GRGV, AAQ08826), Grapevine rupestris vein-feathering virus
(GRVFV, AAW33732), Kennedya yellow mosaic virus (KYMV,
NP_044329), Maize rayado ﬁno virus (MRFV, NP_734077), Oat blue
dwarf virus (OBDV, NP_044448), Onion yellow mosaic virus (OYMV,
NP_041258), Physalis mottle virus (PhyMV, P36351), Poinsettia mosaic
virus (PnMV, NP_037648) with Apple chlorotic leaf spot virus (ACLSV,
CAA68083) used as an out group.
Speciﬁc detection of GSyV-1 in planta and in insects
Analysis for GSyV-1, as well as GRVFV, GAMaV, GFkV and RSPaV
used speciﬁc primer sets for each virus (Table S3). TNA was extracted
from grapevine tissue and grapevine leafhoppers as described above,
and analyzed for virus by RT-PCR (Rowhani et al., 2000); PCR products
were cloned and sequenced as above. Adult leafhoppers (Erythroneura
variabilis) were collected during the growing season from seven vines:
4 symptomatic Syrah, 2 symptomatic Pinot Noir, and 1 asymptomatic,
uninfected Syrah (from a distant ﬁeld). From one to ﬁfteen insects per
tube were crushed in 100 μl water for PCR analysis.
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